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Enteropathogenic and enterohemorrhagic Escherichia coli (EPEC and EHEC) strains are human and animal
pathogens that inject effector proteins into host cells via a type III secretion system (TTSS). Cif is an effector
protein which induces host cell cycle arrest and reorganization of the actin cytoskeleton. Cif is encoded by a
lambdoid prophage present in most of the EPEC and EHEC strains. In this study, we analyzed the domain that
targets Cif to the TTSS by using a new reporter system based on a translational fusion of the effector proteins
with mature TEM-1 �-lactamase. Translocation was detected directly in living host cells by using the fluores-
cent �-lactamase substrate CCF2/AM. We show that the first 16 amino acids (aa) of Cif were necessary and
sufficient to mediate translocation into the host cells. Similarly, the first 20 aa of the effector proteins Map,
EspF, and Tir, which are encoded in the same region as the TTSS, mediated secretion and translocation in a
type III-dependent but chaperone-independent manner. A truncated form of Cif lacking its first 20 aa was no
longer secreted and translocated, but fusion with the first 20 aa of Tir, Map, or EspF restored both secretion
and translocation. In addition, the chimeric proteins were fully able to trigger host cell cycle arrest and stress
fiber formation. In conclusion, our results demonstrate that Cif is composed of a C-terminal effector domain
and an exchangeable N-terminal translocation signal and that the TEM-1 reporter system is a convenient tool
for the study of the translocation of toxins or effector proteins into host cells.

Enteropathogenic Escherichia coli (EPEC) is associated with
diarrheal diseases in young animals and children and is an
important cause of infant mortality in the developing world.
This human and animal enteric pathogen is closely related to
the emerging zoonotic pathogen enterohemorrhagic E. coli
(EHEC), which causes acute gastroenteritis, hemorrhagic co-
litis, and hemolytic uremic syndrome in developed countries
(32). In adhering to intestinal epithelial cells, EPEC and
EHEC strains subvert the host cellular architecture to produce
a histopathological feature known as attaching and effacing
lesions. These are characterized by the localized destruction of
brush border microvilli and intimate attachment of the bacteria
to the plasma membrane of the host epithelial cells (14). The
genes required for the formation of attaching and effacing
lesions are clustered together in a chromosomal pathogenicity
island known as the locus for enterocyte effacement (LEE),
which codes for a type III secretion system (TTSS) (19, 28).

TTSSs are present in many gram-negative pathogens and
symbionts. These multisubunit molecular machines are used to
transfer effector proteins directly into eukaryotic cells, where
the normal cellular functions are subverted for the benefit of
the bacteria. The set of translocated effector molecules tends
to be unique to each pathogen and reflects the needs and
specific niches of each bacterial species (18). To date, seven

EPEC and EHEC effector molecules have been shown to be
injected into the host cell by the TTSS. Five translocated ef-
fectors are encoded by the LEE: Tir/EspE (8, 21), Map (22),
EspF (29), EspG (12), and EspH (44). Two effectors are en-
coded outside the LEE: Cif (26) and NleA/EspI (17, 31). In
addition to effectors, the LEE sequence encodes chaperones
CesT and CesF, which contribute to the secretion and trans-
location process of Tir/Map (1, 5, 11) and EspF (13), respec-
tively.

Cif is encoded by a lambdoid prophage present in most of
the EPEC and EHEC serovars, but cif is absent or truncated in
EHEC strain Sakai and in EPEC strain E2348/69 (26). In
epithelial cells, Cif triggers an irreversible cytopathic effect
(CPE) characterized by a progressive recruitment of focal ad-
hesion plaques leading to the assembly of stress fibers and the
inhibition of the cell cycle G2/M phase transition (10, 26, 33).
The cytostatic effect can be summarized as follows. Cells pro-
gressively accumulate at 4C and 8C DNA content and do not
display signs of mitosis. This cytostatic effect is not functionally
related to cytoskeletal rearrangement but is linked to the main-
tenance of the cyclin-dependent kinase Cdk1, a key effector
driving entry into mitosis, in a premitotic tyrosine-phosphory-
lated state (26, 33). The ability of EPEC and EHEC strains to
induce both cytoskeletal alterations and to block the G2/M
phase transition depends on a functional LEE type III secre-
tion machinery but not on intimin or Tir (27, 34). The mode of
action of Cif is not yet elucidated, and its functional domains
remain to be defined. In addition, despite the fact that several
TTSS substrates have been characterized, the mechanisms that

* Corresponding author. Mailing address: UMR 1225, INRA-
ENVT, 23 chemin des Capelles, 31076 Toulouse Cedex, France.
Phone: 33 561 19 39 91. Fax: 33 561 19 39 75. E-mail: e.oswald
@envt.fr.

5486



drive Cif and other EPEC and EHEC effectors to the TTSS
remain poorly understood.

In this study, we analyzed the Cif secretion and translocation
domain by using TEM-1 �-lactamase as a new fluorescence-
based reporter. We showed that Cif is a modular protein com-
posed of an exchangeable N-terminal secretion and transloca-
tion signal (STS) linked to a C-terminal effector domain and
that construction of fusions with the mature form of TEM-1
�-lactamase in combination with the use of fluorescent sub-
strate CCF2/AM is a convenient tool for the analysis of TTSS
effectors.

MATERIALS AND METHODS

Cell line and bacterial strains. Human epithelial HeLa cells (ATCC CCL-2)
were cultivated in Eagle minimum essential medium (MEM) supplemented with
10% fetal calf serum (FCS), L-glutamine (2 mM), and gentamicin (80 �g/ml) at
37°C in a 5% CO2 atmosphere.

E22 is a rabbit EPEC strain of serotype O103:H2 (34). E22 �cif::FRT is a cif
deletion mutant (26) obtained according to the procedure described by Datsenko
and Wanner (6). E22 espB::Kan and E22 escN::Kan are E22 mutants in which the
espB and escN genes are interrupted by a kanamycin resistance gene (26, 34). E22
�cesT::Kan is a cesT deletion mutant obtained according to the procedure de-
scribed by Datsenko and Wanner (6). Bacterial strains were cultured in Luria-
Bertani broth or in Dulbecco’s modified Eagle medium (DMEM) buffered with
25 mM HEPES (pH 7.4). Antibiotics were used at the following final concen-
trations: carbenicillin, 50 �g/ml; kanamycin, 50 �g/ml; chloramphenicol, 25 �g/
ml; tetracycline, 12.5 �g/ml.

Construction of the �-lactamase TEM-1 fusion cloning plasmid and effector-
TEM fusion proteins. A pBR322 derivative was constructed by ligating the
EcoRI-ScaI-digested plasmid pHB6 (Roche) to an EcoRI and blunt end PCR
product from plasmid p46Lbla (2) obtained with primers 5�-GCG AAT TCG
CAC CCA GAA ACG CTG GTG AAA GTA and 5�-GGC TCC AAT TCT
TGG AGT GGT GA. This resulting plasmid carries the lacIq gene, the Ptrc
promoter upstream of the blaM gene (encoding TEM-1), and the tetracycline
resistance gene from pBR322. The NdeI restriction site near the ColE1 origin
has been destroyed by digestion, fill-in with Klenow, and ligation. Inverse PCR
with primers 5�-ATG TTA TTC CTC CTT ATT TAA TCG ATA C and 5�-ATG
GGA AGC TTG GGT ACC TCC GCG G was performed to generate a unique
NdeI site at the starting translational codon, thus creating a multiple cloning site
(NdeI, KpnI, and EcoRI) upstream of blaM. The resulting plasmid pCX340
encodes the mature form of TEM-1 under the control of the isopropyl-�-D-
thiogalactopyranoside (IPTG)-inducible Ptrc promoter and allows cloning of
effector protein genes with blaM to generate effector-TEM fusion proteins (Fig.
1). The cif, tir, map, and espF genes were amplified from E22 genomic DNA with
primers adding an NdeI restriction site at the start codon and an EcoRI (or KpnI
for tir) restriction site on the codon replacing the stop codon. PCR products were
digested with NdeI and EcoRI (or KpnI for tir) and ligated to the corresponding
sites in pCX340. The resulting plasmids pCX313, pCX302, pCX303, and
pCX304, respectively, encode the Cif-TEM, Tir-TEM, Map-TEM, and EspF-
TEM fusion proteins. The plasmid pCX329, encoding the Tir1-26-TEM fusion,
was obtained by cloning an NdeI-KpnI PCR fragment amplified from plasmid
pCX302 in the NdeI-KpnI-digested plasmid pCX340.

Plasmids for expression of gradually truncated Cif proteins fused to TEM.
Plasmid pCX327, encoding the TEM-1 fusion with the first 16 residues of Cif
(Cif1-16-TEM), was obtained by deleting the complementary domain of Cif
(residues 17 to 282) by inverse PCR on the template plasmid pCX313. To
facilitate screening for positive clones, an NheI restriction site was introduced at
the junction between the first 16 residues of Cif and TEM-1. Other truncated
forms of Cif fused to TEM-1 were obtained by the same procedure (Table 1).

Plasmids for expression of the exchangeable first 20 residues of EPEC effec-
tors. The Ala-Met-Gly coding sequence GCC ATG GGC, containing an NcoI
restriction site (underlined), was inserted by inverse PCR at codon 21 of each
effector-TEM-encoding sequence. The resulting plasmids pCX351, pCX352,
pCX353, and pCX354 encode, respectively, CifAMG-TEM, TirAMG-TEM, Ma-
pAMG-TEM and EspFAMG-TEM fusions, which carry an insertion of the tripep-
tide Ala-Met-Gly (AMG) at position 21. Digestion of these plasmids with NcoI
and EcoRI, followed by fill-in with Klenow and ligation, gave the plasmids
pCX361, pCX362, pCX363, and pCX364, which encode, respectively, TEM-1
fusions with the first 20 residues of Cif, Tir, Map, and EspF (Cif1-20-TEM,
Tir1-20-TEM, Map1-20-TEM, and EspF1-20-TEM). Hybrid proteins containing

the first 20 residues of each effector fused to Cif with a deletion of its first 20
residues were obtained by replacing the NcoI-EcoRI fragments of pCX352,
pCX353, and pCX354 with the NcoI-EcoRI fragment from plasmid pCX351.
This gave plasmids pCX372, pCX373, and pCX374, encoding the Tir1-20-Cif�(1-

20)-TEM, Map1-20-Cif�(1-20)-TEM, and EspF1-20-Cif�(1-20)-TEM fusions. Plas-
mid pCX351 was digested with NdeI and blunted by treatment with mung bean
nuclease, the NcoI site was filled with Klenow, and the whole molecule was
ligated to itself. This gave plasmid pCX371, encoding the Cif�(1-20)-TEM. All
constructions were verified by sequencing.

Interaction between epithelial cells and bacteria for translocation analysis.
On the day before interaction, HeLa cells were trypsinized and seeded in black
with clear bottom 96-well plates (Becton Dickinson) at 2 � 104 cells per well in

FIG. 1. Schematic representation of the TEM-1 reporter system
used to study translocation of TTSS effectors into live eukaryotic cells.
(A) Upon passive entry into the eukaryotic cell, the nonfluorescent
esterified CCF2/AM substrate is rapidly converted by cellular esterases
in charged and fluorescent CCF2. Excitation of the coumarin moiety
(represented by a circle) at 409 nm results in fluorescence energy
transfer (FRET) to the fluorescein moiety (represented by a hexagon),
which emits a green fluorescence signal at 520 nm. Injection of an
effector fused to TEM-1 into a CCF2-loaded cell induces catalytic
cleavage of the CCF2 �-lactam ring (represented by a square), dis-
rupting FRET. This produces an easily detectable and measurable
change in CCF2 fluorescence from green to blue emission. (B) Map of
the effector-TEM fusion cloning vector. The blaM gene encodes the
mature form of the �-lactamase TEM (the first two residues are
boxed). The NdeI, KpnI, and EcoRI restriction sites are unique. The
origin of replication (ori) is derived from ColE1.
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MEM to obtain 100% confluence on the following day. The same day, bacterial
strains were inoculated in Luria-Bertani broth with tetracycline. On the day of
infection, overnight bacterial cultures were inoculated at a 1/100 dilution in
24-well plates in 1.5 ml of DMEM supplemented with 1% mannose, 5% FCS,
and 2 mM L-glutamine. Bacterial strains were then grown as static cultures at
37°C in a 5% CO2 atmosphere for 3 h to reach an optical density at 600 nm
(OD600) of 0.2 to 0.25. HeLa cells were washed twice with Hanks’ balanced salt
solution (HBSS) and directly infected with the DMEM bacterial culture (mul-
tiplicity of infection of about 100 bacteria per cell). After 30 min of infection,
IPTG was added at a final concentration of 1 mM and the infection was allowed
to proceed for an additional hour. Cell monolayers were washed twice with
HBSS and covered with 100 �l of HBSS plus 20 �l of 6� CCF2/AM solution
freshly prepared with the CCF2/AM loading kit (CCF2/AM final concentration,
1 �M; Invitrogen). The cells were incubated for 90 min at room temperature,
fluorescence was quantified on an FL600 microplate reader (Bio-Tek) with
excitation at 405 nm (10-nm band-pass), and emission was detected via 460-nm
(40-nm band-pass, blue fluorescence) and 530-nm (30-nm band-pass, green flu-
orescence) filters. Translocation was expressed as the emission ratio at 460/530
nm to normalize the �-lactamase activity to cell loading and the number of cells
present in each well. The presented data are mean values of the results from
triplicate wells from two to three experiments. For statistical analyses, two-sided
Student’s t test was used with independent samples. P values of less than 0.05
were considered statistically significant.

Fluorescence microscopy for observation of translocation and analysis of

CPE. Cell infections were performed as described above except that 3 � 104 cells
were seeded in Labtek eight-well chamber slides (Becton Dickinson) in 500 �l of
MEM. For microscopic observation of translocation, cells were washed twice
after infection with HBSS, loaded for 1 h with 1 �M CCF2/AM (Invitrogen), and
washed twice again with HBSS. The slides were then covered with coverslips, and
live cells were observed on a Leica fluorescence microscope with a 4�,6�-dia-
midino-2-phenylindole (DAPI) filter set (340- to 380-nm excitation and 425-nm
long-pass emission). Pictures were taken under a true color camera. To analyze
the Cif-related CPE, cells were infected as described above, except that after
infection they were washed five times with HBSS and incubated for 3 days in
MEM with 10% FCS, 2 mM L-glutamine, and 200 �g of gentamicin/ml. Cells
were washed twice in phosphate-buffered saline (PBS) and fixed for 20 min with
3.7% formaldehyde. Actin stress fibers and nuclei were labeled with rhodamine-
phalloidin and DAPI, respectively.

Analysis of production and secretion of TEM fusion proteins. To detect the
secretion of the different TEM-1 fusion proteins, overnight bacterial cultures
were diluted to 1:100 in DMEM supplemented with 1% mannose and 2 mM
L-glutamine. Bacteria were then grown as static cultures at 37°C in a 5% CO2

atmosphere for 5 h 30 min to reach an OD600 of 0.6 to 0.7 and then induced with
1 mM IPTG for an additional hour. Bacterial cultures were centrifuged for 15
min at 16,000 � g at 4°C. Culture supernatants were filtered (0.22-�m pore size,
Millex GV; Millipore) and precipitated for 1 h at 4°C with 10% trichloroacetic
acid. Pellets were washed twice with ice-cold acetone, resuspended in Tris-
saturated sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

TABLE 1. List of strains and plasmids

Strain or
plasmid Description and/or genotype Reference or expressed

protein

Strains
E22 Rabbit EPEC, serotype O103:H2 34
E22 �cif E22 �cif::Kan 26
E22 espB E22 espB::Kan 34
E22 escN E22 escN::Kan 26
E22 �cesT E22 �cesT::Kan This study

Plasmids
pCX340 pBR322 derivative, cloning vector used to fuse EPEC effectors to

the mature form of TEM-1 �-lactamase
TEM

pCX311 Negative control, fusion of MBP to TEM-1 MBP-TEM
pCX312 Negative control, fusion of GST to TEM-1 GST-TEM
pCX302 Fusion of Tir to TEM-1 Tir-TEM
pCX329 Residues 1 to 26 of Tir fused to TEM-1 Tir1–26-TEM
pCX303 Fusion of Map to TEM-1 Map-TEM
pCX304 Fusion of EspF to TEM-1 EspF-TEM
pCX313 Fusion of Cif to TEM-1 Cif-TEM
pCX327 Residues 1 to 16 of Cif fused to TEM-1 Cif1–16-TEM
pCX315 Residues 1 to 32 of Cif fused to TEM-1 Cif1–32-TEM
pCX316 Residues 1 to 62 of Cif fused to TEM-1 Cif1–62-TEM
pCX317 Residues 1 to 86 of Cif fused to TEM-1 Cif1–86-TEM
pCX318 Residues 1 to 124 of Cif fused to TEM-1 Cif1–124-TEM
pCX319 Residues 1 to 150 of Cif fused to TEM-1 Cif1–150-TEM
pCX320 Residues 1 to 206 of Cif fused to TEM-1 Cif1–206-TEM
pCX321 Residues 1 to 256 of Cif fused to TEM-1 Cif1–256-TEM
pCX322 Naturally truncated Cif of PMK5 fused to TEM-1 CifPMK5-TEM
pCX323 Naturally truncated Cif of E2348/69 fused to TEM-1 CifE2348-TEM
pCX351 Cif-TEM fusion with AMG tripeptide at position 21 CifAMG-TEM
pCX352 Tir-TEM fusion with AMG tripeptide at position 21 TirAMG-TEM
pCX353 Map-TEM fusion with AMG tripeptide at position 21 MapAMG-TEM
pCX354 EspF-TEM fusion with AMG tripeptide at position 21 EspFAMG-TEM
pCX361 Residues 1 to 20 of Cif fused to TEM-1 Cif1–20-TEM
pCX362 Residues 1 to 20 of Tir fused to TEM-1 Tir1–20-TEM
pCX363 Residues 1 to 20 of Map fused to TEM-1 Map1–20-TEM
pCX364 Residues 1 to 20 of EspF fused to TEM-1 EspF1–20-TEM
pCX371 Residues 21 to 282 of Cif fused to TEM-1 Cif�(1–20)-TEM
pCX351 Residues 1 to 20 of Cir fused to Cif�(1–20)-TEM Cif1–20-Cif�(1–20)-TEM
pCX372 Residues 1 to 20 of Tir fused to Cif�(1–20)-TEM Tir1–20-Cif�(1–20)-TEM
pCX373 Residues 1 to 20 of Map fused to Cif�(1–20)-TEM Map1–20-Cif�(1–20)-TEM
pCX374 Residues 1 to 20 of EspF fused to Cif�(1–20)-TEM EspF1–20-Cif�(1–20)-TEM
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PAGE) loading buffer, and loaded onto a Nupage 4 to 12% gradient gel (In-
vitrogen). Bacterial pellets were resuspended in PBS to a final OD600 of 4. A 4-�l
aliquot was boiled for 5 min in SDS-PAGE sample buffer and subjected to
denaturing PAGE on a Nupage 4 to 12% gradient gel (Invitrogen). To assess the
solubility of Cif-TEM fusions, bacteria from resuspended bacterial pellets were
lysed by repeating freeze-thaw cycles. The lysates were sonicated to shear
genomic DNA and centrifuged at 16,000 � g for 1 h at 4°C. Centrifuged lysates
were subjected to PAGE as described above.

Immunoblot analysis of TEM fusion proteins. Proteins from SDS-polyacryl-
amide gels were electrophoretically transferred to nitrocellulose sheets (Schlei-
cher and Schuell) and subsequently stained with Ponceau S (Sigma) to check the
loading of the lanes. Sheets were blocked with 10% nonfat dried milk in PBS with
0.1% Tween 20. Sheets were then analyzed by Western blotting with monoclonal
antibody directed to the TEM-1 �-lactamase (5 �g/ml; QED Bioscience) as a
primary antibody and an anti-mouse peroxidase conjugate (1/10,000; Sigma) as a
secondary antibody. Nitrocellulose sheets were revealed with the Enhanced
ChemiLuminescence detection system (Amersham Pharmacia Biotech) and Bi-
omax films (Kodak). Image analyses were performed on a Macintosh computer
with the public domain NIH Image program (developed at the U.S. National
Institutes of Health and available at http://rsb.info.nih.gov/nih-image/).

In silico analysis of STS-encoding sequences. EPEC effectors and their re-
spective STS-encoding sequences (alone or fused to TEM-1) have been sub-
jected to secondary structure prediction, producing a consensus prediction from
several algorithms (3). The secondary structure predictions of the STS-encoding
sequences at the mRNA level have been performed with Mfold (version 3.1) on
a web server (48).

RESULTS

Translocation of EPEC effector proteins fused to TEM-1
reporter protein into live eukaryotic cells. To test TEM-1 as a
reporter for type III translocation, we fused TEM-1 to the C
terminus of Tir, Map, EspF, and Cif, four different EPEC and
EHEC effector proteins encoded or not by the LEE. As neg-
ative controls, we constructed fusions with two E. coli cytoplas-
mic proteins, the mature form of maltose binding protein
(MBP) and glutathione S-transferase (GST). We verified the
production of the fusion proteins in bacterial whole-cell lysates
(data not shown) and analyzed the translocation of these fu-
sions in infected HeLa cells (Fig. 2). EPEC strains expressing
each of the fusion proteins were grown in DMEM and used to
infect HeLa cells. After 90 min, the epithelial cells were
washed and incubated for an additional 90 min with the �-lac-
tamase substrate CCF2/AM. The cells were then analyzed by
fluorescence microcopy with a long-pass emission filter, en-
abling the simultaneous observation of the green fluorescence
emitted by the CCF2 substrate and the blue fluorescence emit-
ted by the cleaved CCF2 product. Uninfected HeLa cells or
cells infected with EPEC strains expressing GST-TEM or
MBP-TEM fusions appeared green, indicating the absence of
TEM-1 activity in these cells (Fig. 2). In contrast, cells infected
with bacteria expressing the type III effector Cif fused to
TEM-1 appeared blue (Fig. 2), indicating that TEM-1 was
translocated into the host cells. Similar results were obtained
with Tir-TEM, Map-TEM, and EspF-TEM fusions (Fig. 2).

Analysis of the roles of the translocator, chaperone, and
STS with the TEM-1 reporter system. EPEC strains expressing
TEM-1 fusion proteins were used to infect HeLa cells grown in
96-well tissue culture plates. After interaction with the bacte-
ria, the HeLa cells were infected as before and then loaded
with CCF2/AM, and fluorescence was measured and reported
as the ratio between blue emission fluorescence (460 nm) and
green emission fluorescence (520 nm) (Fig. 3A). In cells in-
fected with EPEC strains expressing either MBP-TEM or

GST-TEM fusions, the emission ratio was similar to the emis-
sion ratio of uninfected HeLa cells (Fig. 3A). In cells infected
with EPEC strains expressing effector TEM-1 fusions, the
emission ratio increased significantly, indicating that the dif-
ferent fusion proteins were translocated into the host cells
(Fig. 3A). In contrast, no increase in the emission ratio was
observed for all fusion proteins expressed in the espB mutant,
confirming that the translocation was type III dependent and
required a functional translocation pore. When the effector
fusions were expressed in the cesT mutant, the emission ratios
for Tir and Map fusions were significantly reduced compared
to the same fusions expressed in the wild-type EPEC strain.
This means that the translocation was affected but not com-
pletely abolished, in agreement with previously published re-
sults (1, 5, 11). In contrast, the emission ratio for EspF was not
changed in a cesT mutant, in agreement with the fact that EspF
interacts with another chaperone, namely CesF (13). Similarly,
the translocation of Cif-TEM was not affected in a cesT mu-
tant, indicating that CesT is probably not a chaperone for Cif.

In addition to the need for specific chaperone(s) and trans-
locators, type III effector proteins have been shown to possess
an STS present in the first codons. Tir was, so far, the only

FIG. 2. Demonstration of the translocation of EPEC effector pro-
teins into live HeLa cells by using TEM-1 fusions and fluorescence
microscopy. HeLa cells were infected with wild-type EPEC strains
expressing different TEM-1 fusion proteins. After infection, HeLa cells
were washed and loaded with CCF2/AM. �-Lactamase activity in
HeLa cells is revealed by the blue fluorescence emitted by the cleaved
CCF2 product, whereas uncleaved CCF2 emits a green fluorescence.
No detectable fluorescence arises from adherent bacteria (indicated by
arrowheads). Bars, 10 �M.
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EPEC and EHEC effector molecule in which such a domain
has been identified (4). This observation prompted us to com-
pare the translocation and secretion of the Tir-TEM fusion
and a fusion of the first 26 amino acids of Tir to TEM-1
(Tir1-26-TEM). These two fusion proteins expressed in EPEC
strains were detected in culture supernatants, although Tir1-

26-TEM was secreted less than Tir-TEM (Fig. 3B). When
HeLa cells were infected with EPEC strains expressing Tir1-

26-TEM or Tir-TEM, the ratio between blue and green emis-

sion fluorescence increased significantly, indicating that these
two different fusion proteins were translocated (Fig. 3C). How-
ever, the emission ratio due to the translocation of Tir1-26-
TEM was lower than the one of Tir-TEM and correlates to the
lower secretion level of Tir1-26-TEM compared to that of the
Tir-TEM. This is in agreement with the results of Crawford
and Kaper (4) obtained with the Cya system and indicates that
translocation mediated by the N-terminal domain of Tir is less
efficient than the translocation mediated by the full-length
effector.

Identification of the minimal N-terminal domain of Cif that
can mediate translocation into eukaryotic cells. To identify the
STS of Cif, we have constructed a set of truncated forms of Cif.
The deletion sites were chosen to be junctions between two
predicted �-helices or between the predicted �-helix and
�-sheet (Fig. 4A). Plasmids expressing each fusion were trans-
formed into an EPEC strain with a deletion of cif. Western blot
analysis of the bacterial pellets revealed that the fusions were
produced at a similar level (Fig. 4B). The full-length Cif-TEM
was well secreted and translocated (Fig. 4C and D), whereas no
secretion and no translocation were observed with TEM-1
alone (Fig. 4C and D). Analysis of the different fusions re-
vealed that the first 16 amino acids of Cif were able to mediate
the secretion and translocation of TEM-1. TEM fusions car-
rying the 32, 62, or 86 N-terminal Cif residues were also se-
creted and translocated but with a lower efficiency than full-
length Cif (Fig. 4C and D). The other fusions with larger forms
of Cif were not secreted and translocated or were less secreted
and translocated (Fig. 4C and D). Analysis of the soluble
fraction of the bacterial lysates by SDS-PAGE and immuno-
blotting revealed the poor solubility or absence of solubility of
these fusion proteins, which were therefore less competent or
not competent for secretion (Fig. 4E). In conclusion, Cif con-
tains an N-terminal sequence which functions as an STS, but
truncations in the C terminus greatly affected the solubility of
the protein.

The first 20 codons of Cif, Tir, Map, and EspF mediate both
secretion and translocation of TEM in a type III-dependent
but chaperone-independent manner. We have shown that, in
addition to the LEE-encoded effector Tir, the non-LEE-en-
coded effector Cif also possess an N-terminal STS. In an at-
tempt to define the structural properties of EPEC and EHEC
strain STS, we tried to identify other STS in the first 20 codons
of EPEC and EHEC effectors. We constructed fusions to
TEM-1 of the first 20 residues of Map, EspF, Cif, and Tir.
These fusions were expressed in a wild-type EPEC strain (Fig.
5A), and secretion and translocation efficiencies were mea-
sured as before (Fig. 5B). As expected, the sequence encoding
the first 20 amino acids of Cif and Tir mediated both secretion
and translocation. Similarly, the TEM fusions carrying the first
20 residues of Map and EspF were secreted in the culture
medium. The Map1-20-TEM and EspF1-20-TEM fusions were
also translocated, producing a higher emission ratio than the
ones obtained for Cif1-20-TEM and Tir1-20-TEM. Thus, all
analyzed effectors contain an STS encoded in their first 20
codons. To confirm that the secretion and translocation medi-
ated by these STS were type III dependent, we transformed
these constructions in an escN mutant unable to secrete the
needle components of the type III apparatus and in an espB
mutant unable to form the translocation pore in the eukaryotic

FIG. 3. Analysis of the role of the translocator, chaperone, and STS
with the TEM-1 translocation reporter system. (A) Activity of the
EspB translocator and the CesT chaperone on effector translocation.
HeLa cells were infected with wild-type EPEC E22 strains expressing
MBP-TEM or GST-TEM fusion protein or the different effector-TEM
protein fusions. After infection, HeLa cells were washed and loaded
with CCF2/AM. �-Lactamase activity in HeLa cells was detected by
measuring cleavage of the CCF2/AM substrate with a fluorescence
microplate reader and is presented as the emission ratio between blue
fluorescence (460 nm) and green fluorescence (530 nm). (B) Secretion
of TEM-1 fused to the secretion signal of Tir. Culture supernatants
from wild-type E22 expressing TEM-1 alone, the Tir1-26-TEM fusion,
and the Tir-TEM fusion were subjected to Western blot analysis with
anti-TEM-1 antibody. Molecular mass markers (in kilodaltons) are
indicated to the left. (C) Translocation of TEM-1 fused to the secre-
tion signal of Tir. HeLa cells were infected with E22 strains expressing
TEM-1 alone, the Tir1-26-TEM fusion, and the Tir-TEM fusion. The
presented translocation data are averages of triplicate values of the
results from three experiments.
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FIG. 4. Identification of the minimal N-terminal domain of Cif that
can mediate translocation into eukaryotic cells. (A) Schematic repre-
sentation of the predicted secondary structure of Cif. Light and dark
gray boxes represent �-sheets and �-helices, respectively. Black arrows
indicate the different sites of fusion to TEM-1. (B) Expression of
Cif1-X-TEM fusions in EPEC. EPEC whole-cell lysates were subjected
to Western blot analysis with anti-TEM-1 antibody. Molecular mass
markers (in kilodaltons) are indicated to the left. (C) Secretion of the
produced Cif1-X-TEM fusions. Culture supernatants from E22 �cif
expressing TEM-1 alone and Cif1-X-TEM fusions were subjected to
Western blot analysis with anti-TEM-1 antibody. (D) Translocation of
Cif1-X-TEM fusions in HeLa cells. The presented data are averages of
triplicate values of the results from three experiments. Numbers indi-
cate the different sites of Cif fused to TEM-1. (E) Solubility analysis of
the produced Cif1-X-TEM fusions. EPEC cells were lysed, and the
soluble fraction was obtained after the removal of insoluble proteins,
cell debris, and unbroken cells by centrifugation.

FIG. 5. The first 20 residues of Cif, Tir, Map, and EspF mediate both
secretion and translocation of TEM-1 in a type III-dependent manner.
(A) Production and secretion of Cif1-20-TEM, Tir1-20-TEM, Map1-20-
TEM, and EspF1-20-TEM fusions in wild-type E22, the escN mutant
(TTSS defective), and the cesT mutant (defective for Tir/Map chaperone).
Molecular mass markers (in kilodaltons) are indicated to the left.
(B) Translocation in HeLa cells of Cif1-20-TEM, Tir1-20-TEM, Map1-20-
TEM, and EspF1-20-TEM fusions in wild-type E22, the cesT mutant, and
the espB mutant (translocation defective). The presented data are aver-
ages of triplicate values of the results from three experiments. (C) Align-
ment of the first 20 residues of Cif, Tir, Map, and EspF.
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cell membrane. As shown in Fig. 5A, the secretion of these
TEM fusions was abolished in an escN mutant. Likewise, the
translocation of TEM fusions was abolished in an espB mutant
(Fig. 5B). However, when STS-TEM fusions were expressed in
a cesT mutant, the levels of secretion and translocation were
similar to those observed with the wild-type strain, although
CesT is the chaperone of Tir and Map. From these results, we
concluded that Cif, Tir, Map, and EspF possess an STS located
in their first 20 codons and that these STS-encoding sequences
direct secretion and translocation specifically via the TTSS
without the need for a chaperone.

Cif is composed of a C-terminal effector domain and an
exchangeable N-terminal translocation signal. As shown
above, STS from LEE-encoded or non-LEE-encoded effectors
have similar behavior. To test the specificity of these STS, we
exchanged the STS of the non-LEE-encoded Cif effector with
the STS from the LEE-encoded Tir, Map, and EspF effectors.
To do so, we constructed a Cif variant with a linker between
amino acids 20 and 21, enabling the deletion or replacement of
the N terminus by heterologous STS-encoding sequences from
Tir, Map, and EspF or by the homologous STS-encoding se-
quences from Cif. The deletion of this region resulted in an
N-terminally truncated form of Cif�(1-20)-TEM fusion that was
produced in a cif mutant at a level similar to that observed with
the full-length Cif-TEM fusion (Fig. 6A). Solubility experi-
ments showed that this N-terminal deletion did not alter the
solubility of the protein (data not shown). However, no secre-
tion (Fig. 6A) and no translocation could be detected (Fig.
6B). The addition of the first 20 codons of Cif restored the
secretion and translocation at a level similar to that observed
with the initial Cif-TEM fusion. We then examined the possi-
bility of complementing the secretion and translocation of the
Cif�(1-20)-TEM fusion with the STS from Tir, Map, and EspF.
These hybrid protein fusions were expressed in a cif mutant at
a level similar to that of the original Cif-TEM fusion (Fig. 6A).
The addition of the STS from Tir, Map, and EspF restored the
secretion of Cif to a level similar to that observed with the
Cif-TEM fusion (Fig. 6A). Moreover, cells infected with the cif
mutant complemented with plasmids expressing Tir1-20-Cif�(1-

20)-TEM, Map1-20-Cif�(1-20)-TEM, or EspF1-20-Cif�(1-20)-TEM
produced emission ratios identical to the emission ratio ob-
tained with the cif mutant complemented with a plasmid ex-
pressing the Cif-TEM fusion, suggesting that these chimeric
proteins were also injected into HeLa cells at a similar level
(Fig. 6B). We then examined the ability of these protein fu-
sions to trigger the Cif-related CPE. As expected, the non-
translocated Cif�(1-20)-TEM fusion was not able to comple-
ment the cif mutant. In contrast, all chimeric fusions were able
to fully complement the cif mutant, producing a typical CPE
characterized by distended cells with large nuclei without mi-
totic spindles and by the formation of actin stress fibers (Fig.
6C).

Since the first 20 amino acids of Cif, Tir, Map, and EspF
share no sequence homology and secondary structure similar-
ity, these results suggest that Cif is a modular protein com-
posed of an exchangeable N-terminal STS linked to a larger
functional domain which promotes the cell cycle block and the
formation of actin stress fibers.

DISCUSSION

Among LEE-encoded effectors, only the Tir effector has
been studied to determine the domains involved in transloca-
tion. In this study, we analyzed the properties of Cif, the first

FIG. 6. Cif is composed of a C-terminal effector domain and an
exchangeable N-terminal translocation signal. (A) Production and se-
cretion of chimeric Cif-TEM fusions. Molecular mass markers (in
kilodaltons) are indicated to the left. (B) Translocation in HeLa cells
of chimeric Cif-TEM fusions. The presented data are averages of
triplicate values of the results from two independent experiments.
(C) CPE triggered by chimeric Cif-TEM fusions. HeLa cells were
infected under conditions used to monitor translocation. At the end of
the interaction, bacteria were killed with gentamicin and HeLa cells
were incubated for a further 3 days. Actin and nuclei were stained,
respectively, with rhodamine-phalloidin and DAPI. Bars, 10 �M.
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described non-LEE-encoded effector, as a type III secretion
substrate. The signals of Cif that mark the protein for secretion
into the extracellular media and delivery into host cells were
investigated by using the TEM-1 �-lactamase protein as a new
reporter system. This approach revealed that the first 16 N-
terminal residues of Cif are sufficient for secretion and delivery
of the TEM-1 reporter by wild-type EPEC strains. We have
also shown and confirmed that Tir, Map, and EspF contain an
STS in their N termini. This result suggests that LEE-encoded
and non-LEE-encoded effectors use the same molecular mech-
anisms to be exported from the bacterial cell via the TTSS. As
shown in Fig. 5C, the amino acids of the STS of Cif, Tir, Map,
and EspF share no similarity and failed to produce significant
alignments. The STS from EspF and Map have been predicted
to form an �-helix with an amphipathic profile, consistent with
the hypothesis that amphipathicity can serve as a signal (24,
25). However, Tir and Cif have not been predicted to form
�-helices, and thus, this latter hypothesis cannot be applied to
these effectors. Similar analysis at the mRNA level also failed
to identify conserved nucleic acid composition or particular
secondary structures. The nature of the secretion signal has
been the subject of many studies with Yersinia but still remains
a matter of debate (for reviews and models, see references 20
and 37).

The observation that the Cif1-16-TEM fusion is less secreted
and translocated than the full-length Cif-TEM is in agreement
with previous studies showing that the N-terminal signal me-
diates secretion and translocation with lower efficiency than
full-length effectors (38–40) and suggests, as for Tir, that a
chaperone is required for the translocation of Cif. Preliminary
studies with cosmids carrying the functional LEE from EPEC
and EHEC strains suggest that the Cif chaperone (if any) is
probably encoded by the LEE (data not shown). However,
none of the chaperones previously shown to be involved in the
translocation of LEE-encoded effectors, namely CesT for Tir
and Map and CesF for EspF, could be shown to be Cif chap-
erones, since the translocation of Cif was not affected in a cesT
mutant (Fig. 3A) and a cesF mutant (data not shown). Alter-
natively, it is also possible that Cif does not require a specific
chaperone for its translocation into the host cell. In a recent
study with the plasmid-borne minimal TTSS of Yersinia, it has
been shown that translocation of YopE and YopT require
their respective chaperones, whereas YopM did not require a
chaperone for translocation (43). So efficient translocation
could be achieved without a specific chaperone. As proposed
by Gauthier and Finlay (16), the action of a chaperone, such as
CesT, which directly binds EscN, would be to drive the effector
to EscN to engage it into the channel. In this study, Gauthier
and Finlay have also shown that Tir alone can also interact with
EscN. Based on this finding, it is possible that Cif can directly
bind EscN. The differential translocation efficiencies observed
between Cif1-16-TEM and the full Cif-TEM fusion protein
could then be explained by their differential abilities to bind
EscN.

Little is known about the functional domains of Cif, but our
results show that Cif lacking its STS can be targeted to the host
cell by using an alternative STS from Tir, Map, or EspF. Since
the first 20 amino acids of Cif, Tir, Map, and EspF share no
sequence homologies and no secondary structure similarities,
we believe that the translocation signal of Cif is not involved in

the enzymatic or binding activity of Cif, in contrast to other
effector proteins, such as YopH from Yersinia, where residues
in the N-terminal domain are critical for substrate recognition
(30). These results suggest that Cif is a modular protein com-
posed of an exchangeable N-terminal STS linked to a larger
functional domain which promotes the cell cycle block and the
formation of actin stress fibers. The hypothesis of a C-terminal
effector domain is substantiated by the fact that Cif76-282 is
similar to a domain present in two putative proteins encoded
by Burkholderia pseudomallei and Photorhabdus luminescens
(26; data not shown). B. pseudomallei is the causative agent of
melioidosis, a serious infectious disease of humans and animals
that is endemic in subtropical areas. P. luminescens is a sym-
biont of nematodes and a broad-spectrum insect pathogen.
Interestingly, these two pathogens code for one to three
TTSSs, similar to secretion systems present in Xanthomonas
spp. (36), Salmonella spp. (42), and Yersinia spp. (45). This
observation, together with the fact that the C terminus of Cif
may also have a role in protein stability and/or folding, explains
the inability of wild-type strains harboring a 3� truncated cif
gene to produce a CPE on epithelial cells (26).

Several methods have been previously reported to monitor
the determinants of secretion and translocation by the type III
pathway. The first one was the CyaA system involving transla-
tional fusion with the calmodulin-dependent catalytic domain
of the Bordetella pertussis toxin CyaA (41). This enzyme con-
verts cellular ATP in cyclic AMP (cAMP) in the presence of
the eukaryotic protein calmodulin. Also extensively used, this
assay is relatively time-consuming. Another method involves a
translational fusion with the phosphorylatable Elk peptide
fused to the nuclear localization signal (NLS) from the large T
antigen of simian virus 40 (7). The NLS sequence directs the
fusion protein to the cell nucleus where the Elk tag is phos-
phorylated. The translocated protein can be detected by West-
ern blotting with phosphospecific Elk peptide antibodies. Like
the CyaA system, the Elk tag system uses cellular processes to
detect proteins that are specifically injected into the host cell.
This confers specificity but may have some limitations. For the
CyaA system, some pathogenic bacteria produce toxins that
are adenylate cyclases, leading to an increase of the cellular
cAMP to supraphysiological levels (for example, the ExoY
toxin from Pseudomonas aeruginosa) (46). This could mask the
increase of cAMP converted by the CyaA fusion. In the Elk tag
system, the fusion protein needs to be artificially translocated
to the host cell nucleus, but many toxins are naturally targeted
to other compartments such as the mitochondria (Map), the
plasma membrane (Tir), or the Golgi apparatus (NleA). Thus,
the system is dependent on the efficiency of the simian virus 40
NLS to alter the original intracellular targeting of the effector
protein. Another method developed by Lee et al. is based on
fractionation with digitonin that solubilizes the eukaryotic
plasma membrane but not the prokaryotic membranes (23). As
for the Cya and Elk tag systems, this requires disruption of the
eukaryotic cell. In contrast, the TEM-1 is not based on a
cellular process but on the differential entry of the TEM-1
substrate in bacterial and eukaryotic cells, and the use of the
CCF2/AM fluorescent substrate enables translocation analysis
in living cells without disruption of the host cell. In addition,
this new reporter can be fused to the end of certain effectors
without affecting their activity, which means that double activ-
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ity tests can be carried out with efficiently translocated pro-
teins, making the data more reliable. Because fewer than 100
molecules of TEM-1 can be readily detected within a cell (47),
the system was sensitive enough to detect translocation of a
weakly produced chromosomally encoded Cif-TEM fusion
(data not shown).

In the context of a growing importance of TTSS in bacterial
pathogenicity, TEM-1 fusion used in combination with
CCF2/AM fluorescent substrate is a new powerful tool for
identifying undiscovered bacterially encoded molecules that
are delivered into host cells. A large number of substrates have
been described for other TTSSs, such as the Salmonella sp.
strain SPI-1 TTSS, which secretes at least 19 different proteins
(15). The recent discovery of five other non-LEE-encoded
TTSS substrates (9), in addition to Cif (26) and NleA/EspI (17,
31), raises the possibility that other type III translocated effec-
tors may be encoded elsewhere in the EPEC and EHEC ge-
nomes. The recently published genome of EDL933 and Sakai
O157:H7 EHEC strains have shown that the genome of patho-
genic E. coli contains a large number of bacteriophages carry-
ing open reading frames coding for putative proteins of un-
known function (35). Thus, the number of proteins
translocated by the LEE TTSS is very likely underestimated.
We are currently investigating the use of TEM-1 fusion to
identify other TTSS substrates. Identification of other TTSS
substrates will open up new areas of investigation to increase
our understanding of EHEC- and EPEC-mediated diseases.
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